Terbium doped YAlO 3 composites, with terbium concentrations up to 2.11 at%, were fabricated by co-precipitation in porous anodic alumina films grown on silicon. The presence of the cubic YAlO 3 phase was confirmed by x-ray diffraction and FT-IR analysis. The fabricated samples demonstrate photoluminescence (PL) within the range 350-640 nm, which is associated with f-f transitions from the 5 D 3 , 5 G 6 and 5 D 4 levels of Tb 3+ ion. Additionally, a broad and fast-decaying PL band in the blue range has been observed, which is associated with defect states. Based on PL excitation spectra, the main excitation channel of Tb 3+ ions is due to 4f-5d transitions. Excitation bands observed at 235, 270 and 320 nm have been related to the permitted low-spin 5d 2 [LS], 5d 1 [LS] and forbidden high-spin 5d 1 [HS] states, respectively. The PL decay spectra have been measured, with the results analysed using the maximum entropy method; a strong indication of ion-ion interaction has been observed. The distribution of Tb 3+ ions in the PAA : YAlO 3 structure has been proposed and its influence on optical properties of Tb 3+ ions has been discussed.
Introduction
The development of advanced light-emitting materials has received growing interest in recent years. Many different concepts have been used recently to obtain light emitters such as epitaxial quantum wells [1] , quantum dots [2] , colloidal nanocrystals [3] [4] [5] , nanowires [6] or thin films [7] . Except for high emission efficiency, the main requirements for such devices are low cost and large-scale production. Promising candidates which fulfil this demand are emitters obtained from a sol-gel precursor doped with rare-earth (RE 3+ ) ions. The emission from different RE 3+ ions covers a broad optical range from UV to IR and is characterized by narrow emission lines. As a result, RE 3+ -doped materials have already found many applications, e.g. phosphors [8] , lasers and amplifiers [9] and environmentally friendly lamps, but mainly as scintillators [10, 11] or emitting phosphors [12] .
However, the main limitation of sol-gel technology is the generation of homogenous, thick films with a high structural quality and high lanthanide emission intensity. One of the approaches to overcome this problem is a sol-gelderived material introduced into nanoporous substrates, where a significant amount of material can be confined in the nanoporous structure allowing a high number of optically active ions to be obtained. Additionally, in this case, some geometrical factors of the substrate can be used to introduce new photonic effects or to increase the excitation length of the light due to the high surface area of the pores. In this case, however, the ion-ion interactions are promoted because of the spatial confinement of ions and, consequently, the emission becomes quenched above the critical concentration. Thus, in order to gain advantage from the nanoporous structure, the RE 3+ concentration must be selected precisely and the detailed ion-ion interactions must be understood. Unlike crystals, solgel glasses are prone to have clustered rather than uniform dopant distributions in the sol-gel pores. Moreover, Tb 3+ can form partial bonds with several of the lone pairs of electrons, forming a layer of Tb 3+ at the pore surface. It has been shown recently [13] that as a consequence, two main Tb 3+ sites should be distinguished, i.e. Tb 3+ ions at the surface of pores and Tb
3+
ions within the pore volume. However, in order to improve the green emission intensity, we can modify the radiative emission decay by introducing Tb 3+ ions in low symmetric sites or into materials with a high refractive index. This is because the radiative decay rate of lanthanides can be approximated by Judd-Offelt (J-O) theory [14] [15] [16] 
where n is the refractive index of the matrix, l N SLJ | and |l N S L J are the initial and final states of single parity, U (λ) is the irreducible tensor form of the dipole operator, λ is the emission wavelength and λ is the Judd-Offelt intensity parameter, in general describing the local environment of the ion. A MD defines the contribution from magnetic dipole type transitions.
Thus, radiative emission time can be modified by optimal selection of the host matrix for the ions where low symmetry sites and low matrix (ligands) phonon (vibrations) frequencies would be preferential. On the other hand, a matrix with a low number of defect states will be optimal since the observed emission is proportional to both radiative and nonradiative (1/τ NR ) recombination rates as
where N is the concentration of optically active centres and σ is the emission cross-section. Yttrium-aluminum composites, Y 3 Al 5 O 12 and YAlO 3 , are considered as potential radiative resistant materials for photo-, cathode-and under x-ray luminescence [11, [17] [18] [19] . Yttrium-aluminum composites in the form of a coating were fabricated using the sol-gel method [20] or co-precipitation [21] . Thus, for the reasons given above, in order to fulfil conditions expected from an efficient light source, among many matrices, the YAlO 3 matrix has been selected. Nevertheless, obtaining the pure YAlO 3 phase is not an easy task. Guo Sakurai [22] [23] [24] [25] . In particular, Simet al [25] used precipitation of hydroxides in an effort to generate the pure YAG phase; however, they found that at elevated temperature, some routes formed an intermediate hexagonal perovskite (rather than the expected orthorhombic), which then transformed into YAG and YAM. Moreover, to the best of the authors' knowledge, there was only one report [26] where the cubic YAlO 3 phase has been obtained and confirmed by Yamaguchiet al [26] . Thus, a very sensitive equilibrium exists between the perovskite and garnet phases. A large body of literature data available on the synthesis and phase evolution of YAP shows that it is generally not possible to suppress the formation of YAM and YAG compositions in the processing of YAP [27] [28] [29] . Consequently, the processing route can induce the transformation between different phases, whilst it remains difficult to manufacture a pure sample of any of the phases, garnet or perovskite. On the other hand, different crystalline phases will influence significantly the optical properties of lanthanides. This is mainly because the matrix parameters differ between YAP and YAG and take values for refractive index, optical band gap and phonon frequency equal to YAP (n = 1.9, E g = 8.0 eV [30, 31] , hω max = 75 meV [32, 33] ) and for YAG (n = 1.83, E g = 6.5 eV [30] , hω max = 105 meV [32, 33] ). Moreover, the site symmetry of lanthanides will be different for the different forms of discussed matrices, which will be reflected in change of the radiative emission life time according to equation (1) . In the case of Y 3 Al 5 O 12 garnet structure, Y atoms are dodecahedroally coordinated, and the point symmetry group of the Y site is D 2 . Moreover, Al atoms in Y 3 Al 5 O 12 garnet are present in two different sites. The first Al site has octahedral point symmetry, C 3i , and the second Al site has tetrahedral point symmetry, S 4 . Taking into account the above information, we may expect that there are two distinct sites occupied by yttrium in Y 3 AlY(AlO 4 ) 3 =YAlO 3 . The first is the D 2 site (dodecahedral coordination) and the second is the C 3i site (octahedral coordination, which results from the substitution of one of the Al sites by Y). However, it should be emphasized that the above-mentioned symmetry is only the ideal case (correct for Y 3 Al 5 O 12 ) and in the real cubic YAlO 3 crystal the C 3i site symmetry may be lowered due to the substitution of Al by the significantly larger Y ion. Similarly, we also expect lowering of the D 2 site symmetry, i.e. due to substitution of the Y 3+ ion by the Tb 3+ ion. In order to obtain the optimal light source, except for enhancing green light intensity, the blue emission from higher laying energy levels of Tb 3+ (i.e. 5 D 3 ) must be reduced. One mechanism for nonradiative relaxation between 5 D 3 and 5 D 4 is energy transfer to vibrational states called multiphonon emission. High temperatures are expected to enhance this type of process through stimulated vibronic emission. This process should depend on the gap between the levels ( E), the highest phonon energy in the matrix (hω max ) and the coupling efficiency between the electron and phonon ( ), which, however, is very weak for 4f electrons. The other mechanism of relaxation energy between the lanthanides energy levels is ion-ion interaction. The energy of a RE 3+ ion in an excited state (usually called donor ion) can be transferred to another RE 3+ ion in the ground state (acceptor ion) by radiative and nonradiative processes often assisted by phonons. Moreover, this excitation energy can be transferred nonradiatively over long distances between RE 3+ ions in a series of steps in which the acceptor in one step becomes the donor for the next step, known as energy migration. This increases the possibility of energy transfer to luminescence quenching centres, reducing the emission intensity of lanthanides and influencing their emission lifetime.
In this work, we report on terbium luminescence from yttrium alumina composites deposited by co-precipitation on porous anodic alumina. The mechanisms of ion-ion interaction controlled through the concentration of Tb 3+ ions introduced into the YAP matrix deposited onto nanoporous substrate is investigated.
Experimental part
In the experiments, superpure aluminum (99.999%) was magnetron-sputtered onto a planar side of a polished wafer of monocrystalline silicon, which had been coated with a 50 nm adhesive tantalum layer. Porous anodic alumina was generated by anodizing in a two-step process in 1M phosphoric acid solution at a constant voltage of 120 V and temperature of [10] [11] [12] • C or at 130 V in 1.2M phosphoric acid solution at 17
• C. After the first anodizing, the oxide layer was removed in a mixture of chromic acid (2 wt%) and phosphoric acid (6 wt%) at a temperature of 60-70
• C. The second anodizing was carried out under conditions similar to the first, resulting in complete anodizing of the aluminum. The pore diameter was controlled by immersion of the samples in an aqueous solution of phosphoric acid (1 : 1) at room temperature for 25 min. Yttrium-aluminum composites doped with terbium were prepared using stage-by-stage dissolution of nitrate salts (Sigma Aldrich) Y(NO 3 ) 3 × 4H 2 O (99.99% purity), Al(NO 3 ) 3 × 9H 2 O (98% purity) and Tb(NO 3 ) 3 × 5H 2 O (99.9 purity) in an aqueous-alcoholic solution, with the pH adjusted to 2 with dilute nitric acid. As a stabilizer, citric acid in the molar ratio of [metal ions]/[citric acid] = 1/3 was used. The molar ratio of Y 3+ /Al 3+ for all of the solutions was equal to 1.76. The terbium concentration was varied from 0.4 to 9.6 mol%.
The terbium-containing solution was deposited on the porous anodic alumina by sequential spinning from one to ten layers at a rate of 2700 rpm, followed by drying at 200
• C and a final 30 min annealing at temperatures up to 1000
• C. The average size of the samples was about 1 × 1 cm 2 . Incident light from a xenon lamp (450 W) coupled to a monochromator (Jobin Yvon TRIAX 180) was focused on the sample and used as the excitation beam in photoluminescence excitation spectroscopy (PLE). The PLE signal was collected and transmitted by an optical fibre to the spectrometer (HR4000 Ocean Optics) and divided by the light source characteristic. The 266 nm (Elforlight) and 485 nm (Opolette ™ , Opotek Inc.) pulse laser lines have been used for sample excitation in photoluminescence (PL) and PL decay experiments. In both cases, the signal has been collected with a strobe detector coupled with a Czerny-Turner monochromator. A Zeiss Ultra-55 scanning electron microscope (SEM), equipped with backscattered electron detection (BSDE) mode and energy dispersive x-ray (EDX) detectors, was employed for examination of the cross-sections and local chemistry of the samples. An acceleration voltage of 2 kV was used for recording the backscattered electron images with high Z-contrast. For examination of the cross-sections, the samples were fractured immediately prior to placing in the SEM chamber to minimize contamination that is crucial for imaging of non-conductive materials using BSDE. The acceleration voltage was increased to 8 kV for EDX characterization.
In order to measure transmittance spectra, we used a Bruker Vertex 80v spectrometer in a rapid scan mode. In this case, we used a setup configuration utilizing globar as a source of the probing light, a DTGS detector, and an ATR (attenuated total reflectance) unit. In the farinfrared (FIR) spectral region (<600 cm −1 ), the mercury lamp and silica bolometer were additionally used as a source of the probing light and detector, respectively. All measurements were performed with the complete optical path under vacuum (1.5 × 10 2 Pa) and 5 cm −1 spectral resolution application. The x-ray spectra were collected by Philips diffractometer supported by the parallel beam optic and CuK α1 radiation source, λ = 0.154 06 nm.
Structural results
For the investigations, seven samples with different Tb 3+ contents have been synthesized. Our recent AFM study of PAA : YAlO 3 annealed at 1000
• C revealed that the PAA surface is covered by a composite layer of 1-2 µm thickness. Numerous cracks of 1-2 µm width cross the surface layer, thus dividing it into 4 × 4 µm 2 nearly rectangular areas of continuous YAlO 3 film. This annealing temperature has been found to be the optimum from the application point of view that was discussed elsewhere [34] . It was observed from AFM examination that the composite does not fill all the pores in the same way and some pores appear to be empty. Since the distribution of the composite within the nanoporous substrate has important consequences for the optical properties of the samples, the effect of the filling of the PAA film has been investigated in detail by SEM.
Figures 1(a) and (b) show the scanning electron micrographs of the unfilled PAA used study as the substrate. The average pore diameter and interpore distance are approximately 150 and 300 nm respectively, with a thickness of the porous layer of 7.5 µm. Figure 1 (c) shows a BSE image of the cross-section of the porous layer filled with the salt mixture followed by annealing at 1000
• C (more detailed information can be found in the online supplementary data, S2 (stacks.iop.org/JPhysD/46/355302/mmedia)). The low accelerating voltage of 2 kV enhances optical contrast between components with different atomic numbers and enables ready observation of PAA, salt-derived oxides, etc. The darker PAA matrix and the brighter YAlO 3 are evident in the micrograph. Pores are not completely filled with YAlO 3 , leaving most of the pore volume unfilled. Further, the degree of pore filling reduces from the top to the bottom of the porous film. An YAlO 3 layer of approximately 1 µm thickness is formed on the top of the porous layer, with fractures probably generated during annealing which is in agreement with our recent AFM observations. It may be roughly estimated that 16 µm 3 of the material is confined within 4×4 µm 2 areas between the cracks in the YAlO 3 layer on the PAA surface. On the other hand, the pore length and diameter are 7.5 µm and 150 nm respectively, thus giving a pore volume of 0.132 µm 3 . Assuming that pores are densely packed, the total pore volume over the 4 × 4 µm area (676 pores) is 89 µm 3 . Thus, in the case of a uniform Tb 3+ ion distribution in the composite (which should be true for low concentrations), the contribution to the total detected emission from the surface ions is equal to (16 µm 3 /89 µm 3 ) · 100% = 18%. However, after estimation of the filling factor from figure 1(d) as approximately 30% of the total pore volume, the volume of material confined within the pores under a 4 × 4 µm 2 area is 27 µm 3 . This allows estimation of the ratio of material deposited in the pores and on the surface as approximately 60%/40%. Assuming that the number of ions is proportional to the volume of material, the contribution of the ions from the top layer to resultant emission is significant (∼40%). This means that at least two sites of Tb 3+ ions should be considered in analysing the optical data: one site is related with the surface and the other with the volume of the pores. Examination of the bottom of the porous layer at increased magnification reveals a porous structure of YAlO 3 clusters in the pores ( figure 1(d) ). The concave-shaped pattern of pore bases is not evident, confirming that anodizing was carried out through the entire thickness of the sputtered aluminum layer. The brighter layer between the PAA film and the silicon substrate is tantalum oxide. It was formed by oxidation of the adhesion-promoting tantalum sublayer during annealing that then penetrated through pore bases due to thermal expansion. Three selected specimens were analysed by EDX to reveal the terbium contents in YAlO 3 .
The analysis was undertaken from the top of YAlO 3 layer covering PAA to minimize the influence of the PAA matrix assuming that the YAlO 3 composition is the same in the pores. The penetration depth and diameter of the electron beam in YAlO 3 at an accelerating voltage of 8 kV are approximately 600 and 500 nm, respectively, thus suggesting that the contribution of the PAA matrix to the elemental composition is insignificant. Each sample was analysed six times (for details see the online supplementary data S1 (stacks.iop.org/JPhysD/46/355302/mmedia)).
Typical elemental compositions were selected and summarized in table 1; molar Tb 3+ concentrations in the related salt solutions are given here for reference. Terbium contents in the film correlate well with the terbium molar concentration in the salt solution; increase of terbium molar concentration results in an increase of terbium content in the film. In further discussion, the samples will be referred to by the molar percentage of Tb 3+ ions in the salt solutions.
In order to investigate the structural environment of Tb Noteworthy, this crystalline phase of YAlO 3 has been observed very rarely before and was generated by the traditional solidstate reaction method or soft chemistry route. It was suggested by Yamaguchi et al [26] that YAlO 3 in the garnet structure is tolerant to the presence of Al 3+ in both six-fold (octahedral) and four-fold (tetrahedral) coordinations as well as to the replacement of half of the six-coordinated aluminum by yttrium, as represented by the formula Y 3 AlY(AlO 4 ) 3 . The second group of XRD lines present in the spectra can be related with the Al 2 O 3 phase. Detailed analyses of XRD data collected at different incident angels have shown that most of the signal related to the Al 2 O 3 phases comes from the porous volume, while the contribution of the signal related to YAlO 3 matrix arises from the whole sample volume. Since the XRD peak positions for cubic YAlO 3 are close to the positions of the peaks typical for the YAG structure, another experiment has been performed to confirm our interpretation.
The presence of the cubic garnet form of YAlO 3 was evidenced by the FT-IR absorption measurement. Figure 2(b) shows the infrared spectra obtained for reference samples [26] , and they are slightly (but considerably) lower than the equivalent absorption bands of the cubic Y 3 Al 5 O 12 . Peaks below 500 cm −1 have not been observed in the literature so far and can not be easily correlated with theoretical predictions for particular vibrations in the lattice. Additionally, scrutiny of the absorption bands, i.e. at 682 cm −1 , shows that the position of this band depends slightly on the Tb 3+ concentration and for the highest concentration (9.6 mol% or 2.11 at%) shift 5 cm −1 towards the higher frequencies is evident.
Thus, based on obtained results, for further investigations, we have to consider not only two different crystallographic sites of Tb 3+ ions in cubic YAlO 3 (C 2 ) and higher symmetry sites of Tb 3+ in Al 2 O 3 (C 3V ) phases but also at least two, spatially resolved sites of Tb 3+ ions (at the substrate surface and in the porous volume). This difference in site symmetry of lanthanides will have important consequences in the emission line shape since the Stark splitting of this line will be different for different sites symmetries. Moreover, site symmetry will influence the probabilities of radiative transition, where the higher emission and shorter emission lifetime is expected for Tb 3+ ions in the YAlO 3 matrix because of the most efficient release of the selection rules for 4f-4f forbidden transitions. Further, the relaxation and quenching mechanisms of Tb 3+ ions will be also different in the YAlO 3 and Al 2 O 3 phases because of different vibration modes available for exited carriers and different electron-phonon coupling.
In summary, concerning the structural data, the presence of three different sites for Tb 3+ ions is assumed as follows: (i) the ions placed within the top layer of the composite (S 
Optical results
The inset of figure 3 shows the photoluminescence excitation (PLE) spectrum obtained for the sample with 4.1 mol% of Tb 3+ ions. Similar spectra have been obtained for all other samples and no difference in PLE shape has been revealed. The PLE signal has been obtained for the green band ( 5 D 4 → 7 F 5 ). For all the samples observed, excitation bands are at 235, 270 and 320 nm and may be associated with the allowed lowspin 5d 2 [LS], 5d 1 [LS] and forbidden high-spin 5d 1 [HS] of 4f 8 → 5d i 4f 7 transitions, respectively [34, 35] . Additionally, Defect-related PL band is evident in the spectra of figure 3. Since the information regarding defects in optically active medium is very important from the point of view of the interpretation of the optical results, this aspect was investigated in more detail. For this purpose, time-resolved PL (TR-PL) spectra have been collected. TR-PL spectra were collected for the three selected samples immediately after termination of the pulse of the 266 nm laser and at 8 µs after termination of the pulse (figure 4). For all samples, it can be seen that just after the pulse, a broad and strong emission band in the blue spectral range appears. A similar band has been observed already by us at 450 nm for a pure porous anodic alumina/alumina composite at 310 nm excitation wavelength [38] . Additionally, similar bands at around 405 and 455 nm have been observed by other authors and related to oxygendeficient defect centres, namely F (oxygen vacancy with two electrons) and F + (oxygen vacancy with only one electron) centres [39, 40] . This band overlaps with blue emission from Tb 3+ ions. It can also be seen that this emission decays rapidly within a few microseconds after the pulse is terminated. Moreover, the effect of Tb 3+ concentration on the resultant emission is evident in figure 4 . For low ion concentrations ( figure 4(a) ) in the early stages, after the pulse termination, the blue emission dominates in the luminescence spectrum while, for high ion concentrations, the observed luminescence is most intensive mainly in green range. For medium concentrations, both blue and green emission bands contribute almost equally to the resultant luminescence spectrum. This is mainly because of efficient ion-ion interaction for higher ion concentrations content through multiphonon relaxation, significant change in the matrix vibration properties should be observed for increased Tb 3+ concentration. This is not the case. Thus, we can exclude this mechanism as the origin of blue emission quenching. This is not the case as it has been shown in figure 2 . The other modes, which can be present in our matrix relaxing energy from 5 D 3 to 5 D 4 level, are the modes related to -OH groups (2000-3685 cm −1 (456 meV)). In this case, only two phonons are necessary to relax this energy, thus becoming a very efficient process. However, in a previous paper [34] , we have shown that annealing at 1000
• C reduces many -OH groups in the matrix. Moreover, the number of remaining -OH groups should depend significantly on the Tb 3+ concentration, which seems to be weakly probable. Thus, it is believed that this is also not the case and the reduction in blue emission is rather due to increasing ion-ion interaction than due to multiphonon relaxation.
The probability of ion-ion interaction strongly depends on the distance between the neighbouring Tb 3+ ions. An increase in Tb 3+ concentration engenders the reduction of this distance. Thus, a gradual shift from blue to green emission can be observed. In order to analyse this in more detail, figure 5(a) shows the integrated emission intensities for blue and green emission bands. It can be clearly seen that when the green emission increases, the blue emission band significantly decreases. This correlation indicates strong ionion interaction and depopulation of ( 5 G 6 , 5 D 3 ) levels to 5 D 4 level due to increasing cross-relaxation between the ions:
). This process should not influence the total emission quantum yield since the number of photons in and out is conserved. Thus, the green emission should increase with Tb 3+ concentration. For better clarity, figure 5(b) also shows the change of green emission intensity ( 5 D 4 -7 F 5 ) with respect to blue emission ( 5 D 3 -7 F 4 ) as a function of Tb 3+ ion concentration. This increase in green emission should proceed further with increase of Tb 3+ concentration. However, in our case, the green emission starts to decrease above the critical concentration of 4.1 mol% or 0.87 at%. This value is similar to that obtained for YAG matrix by Hreniak et al [41] , reporting that quenching of Tb 3+ ion emission in YAG starts at 1 at%. Park et al [42] observed quenching of 5 D 4 emission at 0.5 mol% of Tb 3+ for a gadolinium aluminum garnet matrix and Boruc et al [43] for 1 at% of Tb 3+ in Y 4 Al 2 O 9 (YAM). A much higher concentration responsible for green emission quenching was obtained for Al 2 O 3 : Tb material, where the quenching was observed at 6 at% [44] .
The luminescence from the 5 D 4 level should be purely radiative and the quantum efficiency should be almost equal to unity since there is a large energy gap between the emitting 5 D 4 level and 7 F J levels and the multiphonon relaxation rate should be very low. Thus, the luminescence from the 5 D 4 level can only be quenched by energy migration (EM) either to other ions or traps or to cooperative energy transfer or up-conversion (UPC) from ( 5 G 6 , 5 D 3 ) or 5 D 4 levels to the upper laying levels of Tb 3+ [45] . This cooperative interaction can also lead to energy transfer to upper 5d levels, the charge transfer state (CTS) or to the conduction band of the host. Contrary to cross-relaxation, in this case, the number of emitted photons is reduced compared with the number of absorbed photons. Thus, once these processes are activated, the emission intensity should start to decrease.
In order to confirm the possibility for UPC, the PL spectrum in the region near 380 nm was measured at an excitation wavelength of 485 nm at different excitation fluxes for the sample with the highest Tb 3+ concentration (9.6 mol%). Strong UPC emission has been observed and shown in figure 6 . For the same excitation conditions, the UPC signal was also observed for samples with a concentration of Tb 3+ ions as low as 4.1 mol%. Below that concentration, the signal was weaker than the detection limit. Moreover, the UPC signal has been detected for different excitation fluxes. From the inset in figure 6 , it can be seen for the sample with 9.6 mol% of Tb 3+ the evident UPC signal was recorded for an excitation power below 0.1 mJ.
Since the UPC emission was observed even at low excitation flux, we believe that the UPC process can also be induced by a very strong green emission during the excitation at 266 nm. This suggests that UPC is one of the possible mechanisms responsible for green emission quenching for samples with relatively high Tb 3+ concentration. Figure 5 (b) shows broadening of the 4f-5d excitation band. It can be observed that with increasing Tb 3+ concentration the broadening of this band also increases.
However, it should be mentioned that the observed emission is averaged over different Tb 3+ sites within the PAA : YAlO 3 structure. Thus, the PL spectra provide averaged information regarding the ion-ion interaction and their position in such a complex structure. In order to give further insight into the number of Tb 3+ sites involved in the emission, signal time decay measurements at two excitation wavelengths, 266 nm ( 7 F J → 5 d 1 ) and 485 nm ( 7 F J → 5 D 4 ), were performed. Emission decay curves together with the fitting curves are displayed in figures 7(a)-(c). In order to fit the data, the measured decay traces were analysed by means of the maximum entropy method (MEM).
This approach was selected because it is suitable for the analysis of the experiments involving the relaxation of complex materials, where it is often very difficult to choose an appropriate model to fit to the data. In MEM, we seek a representation for the relaxation process in a space of decay rates, thus obviating the necessity of forcing a particular functional form to fit the data. In this case, the PL decay can be written as where g(k) is a distribution of the decay rate constants. In order to fit the experimental data shown in figure 7 , we have to find the appropriate distribution, g(k). This has to be achieved without any assumption on the analytical form of g(k). This problem essentially involves performing a numerical inverse Laplace transform of the measured PL decay, I PL (t):
where the integration is carried out over the appropriate Bromwich contour. The calculation of an inverse Laplace transform on a noisy data function is known from information theory to be an ill-conditioned problem since a large number of distributions can fit the data equally well. Nevertheless, it is possible to find the distribution g(k) using MEM. The MEM is based on maximizing a function called the Skilling-Jaynes entropy function:
where α(τ ) is the recovered distribution and m(τ ) is the assumed starting distribution. In this equation τ = 1/k, and the relation between g(k) and α(τ ) is α(τ ) = τ −2 g(1/τ ). Figures 7(a)-(c) show the PL decays measured for samples with 1.3, 4.1 and 9.6 mol% of Tb 3+ , respectively. The PL decays were obtained for a 540 nm detection wavelength. It should be mentioned that in the case of MEM analysis even pure exponential decay processes have Gaussian-like decay time distribution with finite width (unless the data are completely noiseless). Therefore, the broad distributions obtained by MEM do not necessarily imply non-exponential dynamics. In order to verify this, the experimental PL decays were fitted with function of the form I PL (t) = A i exp(−t/τ i ) where i = 2. A good fit quality with χ 2 ≈ 1.0 for all the samples was achieved. The obtained decay times correspond well to the peaks of the distributions shown in figure 7 , thereby concluding that the PL decay is a double exponential for the 540 emission band. This means that there are always two main components of the PL decay, in particular a faster and a slower component of the order of thousands of microseconds. Moreover, comparing samples with various Tb 3+ concentrations, it is evident that both components of the PL decay became shorter with increase of Tb 3+ concentration. It may be concluded from the emission decay measurements that two, instead of three as expected, sites occupied with Tb 3+ can be distinguished significantly in YAlO 3 /PAA structures. These two sites were associated with Tb 3+ ions in the YAlO 3 matrix and Tb 3+ ions in a less ordered environment, i.e. Al 2 O 3 , Tb x O y or amorphous YAP (aYAP). The absence of a third component is most probably due to the fact, that the size of the pores is too large (∼150 nm) compared with the distance typical for ion-ion interactions (∼0.5-5 nm depending on interaction mechanism). For this reason, there is no significant difference between ions in the YAlO 3 matrix deposited inside the pores or on the top of the substrate. Based on equation (1) and λ parameters taken from literature [46] , it has been estimated that the radiative time of green emission in YAG (D 2 symmetry) matrix should be equal to 3.5 ms. On the other hand, in our recent paper [13] we found for ions introduced directly inside the pores (no matrix) that their emission decay time is around 1 ms. This would suggest, that the longer time obtained in our experiment should be related rather to Tb 3+ ions inside the crystalline YAlO 3 matrix (C 2 symmetry). The interpretation of the shorter time is more complicated. If the Tb 3+ ions are placed inside the oxide, i.e. Al 2 O 3 , the radiative time should be even longer since the Tb 3+ site in Al 2 O 3 has higher symmetry (C 3V ). On the other hand, the experimentally observed emission decay time will be not only related to local symmetry but also other factors will influence its final value. Among these factors, the electronphonon coupling can influence the observed experimental emission decay time significantly. In our recent paper [47] , we have shown that 5d electron-phonon coupling changes 6 times when YAlO 3 matrix changes from amorphous to crystalline. We have shown that even the 4f states are much less coupled with the matrix vibrations than 5d states; this increase in coupling constant can reduce the green emission decay time by a factor of 2. Following this interpretation, the shorter time observed by us could be related with Tb 3+ ions placed inside residuals of the amorphous phase of the YAlO 3 matrix or Tb 3+ ions placed inside other than Al 2 O 3 oxides, where Tb 3+ site symmetry is low. This oxide phase could be related with porous walls or grains surface [48] which both easily became oxidized. An alternative explanation can be related to reduction of the emission decay time due to photonic effects which can be important for ions placed inside the PAA pores. Figure 8 shows the PL decays measured for the 380 nm emission band at 266 nm excitation; the decay curve obtained for the defect-related emission band (measured at 350 nm) is shown (black line) for comparison. The red solid lines correspond to fits obtained by MEM. The inset of figure 8 displays an example of the MEM distribution, obtained for the sample with 9.6 mol% of Tb 3+ ions. The distribution consists of 4 Gaussian-like components, centred at 1, 10, 50 and 350 µs. Compared with the MEM distribution obtained for defects, the 1 and 10 µs components were identified as defect-related. These components appear in the PL decay of Tb 3+ since the 380 nm emission band of Tb 3+ overlaps with the broad defectrelated emission as has been shown in figure 4 . It should also be mentioned that the 1 µs component is of the order of time resolution limit defined by IRF of our experimental system, suggesting that the 1 µs component may be much faster. The 50 µs and 350 µs components are related to Tb 3+ ions, which thereby allows the conclusion that PL decay of Tb 3+ at 380 nm 
Conclusions
Deposition of cubic YAlO 3 : Tb 3+ from solution of the corresponding salts on PAA results in partial filling of the porous volume and formation of a film of approximately 1 µm thickness on the surface of PAA. It has been shown that Tb 3+ ions are present in two significantly different sites. The dominant site is related to Tb 3+ ions in the YAlO 3 matrix, where no distinguishable difference has been found between the ions introduced inside the pores or on top of it. The second site is related with Tb 3+ ions in the oxide environment dominant at the porous surface. For this system, the influence of Tb 3+ concentration on the optical properties has been investigated. It has been found that the green emission intensity increases with concentration up to the optimum concentration of 4.1 mol%; above this concentration, the emission is significantly quenched. Increase in intensity of the green band has been explained by the simple increase in ion concentration, but also as due to efficient depopulation of the 5 D 3 level down to 5 D 4 level due to cross-relaxation between the Tb 3+ ions. Consequently, the green emission increases along with the simultaneous decrease in blue emission. The decrease in green emission above the critical concentration was attributed to efficient up-conversion or energy migration between the ions that can increase the probability of nonradiative recombination assisted by defects. The latter was confirmed by TR-PL results. Finally, an efficient up-conversion can be obtained at excitation at 485 nm. This process may be responsible for the observed emission quenching at high concentrations of Tb 3+ ions and is under extensive investigation.
